A synthetic analogue of the zeolite heulandite is synthesized by hydrothermal treatment of zeolite P1 with solutions containing CaClz and NaOH.
extreme conditions of pressure and temperature @ > 1000 atm, T > 250 0C)4 and the other involves synthesis times of 40 to 80 d. 5 Additionally, several preparations of clinoptilolite are also given in the literature. [6] [7] [8] [9] [10] [11] Here we present a synthetic route to heulandite starting from zeolite P1. To the best of our knowledge, this is the first synthesis of a zeolite with the heulandite structure that is accomplished through the transformation of another zeolite. It is also the first synthesis of heulandite at 'typical' zeolite synthesis conditions. Heulandite can be obtained by means of hydrothermal treatment of specifically prepared zeolite P 1 with aqueous solutions containing Ca2+ and Na+ ions using heulandite or clinoptilolite seeds at temperatures between 200 and 240 "C. The zeolite P1 used in this transformation must have a minimum Si/Al ratio of 3.0. Two starting materials were used for the synthesis of zeolite PI as described below.
Zeolite P1 with an Si/Al ratio of 3.0-3.2 can be synthesized by treatment of perlite glass (PA-1000, Johns-Manville) with an aqueous solution of Na2C03-NaOH at temperatures ranging from 110 to 240°C and with synthesis times of 2 h to 11 d. Although zeolite P1 is obtained from perlite over a range of solution concentrations, temperatures and reaction times, it is observed that reactions at lower pHs, lower temperatures and longer times result in products with higher crystallinity. A typical procedure is as follows. Ten ml of a solution of 0.8 mol dm-3 Na2CO3 (pH = 11.4) was added to 0.50 g of perlite (PA-1000 from Johns-Manville) in a Teflon-lined 23 ml autoclave and heated for 11 days at 120 "C. The solid was then filtered and washed and is identified as Na-PI with an Si/A1 ratio of 3.2 (obtained from 29Si NMR spectroscopy and elemental analysis). The powder X-ray diffraction pattern of this solid is shown in Fig. l(a) .
Since perlite glass is a natural material, it contains impurities similar to those found in natural heulandite. Therefore, we developed a synthesis route to heulandite that utilized pure starting reagents. Zeolite P1 was prepared from an amorphous aluminosilicate gel having the composition A1203 : 9.4 Si02: 3.7 N a 2 0 : x H 2 0 as follows. Two grams of sodium aluminate (from EM) were dissolved in 60 ml of distilled water and 4 g of a SO% m/m solution of NaOH were added to this solution. The solution was stirred while 5.20 g of Cab-0-Sil (grade M5) were slowly added. The resulting gel was stirred at room temp. for 48 h after which stirring was stopped and the gel allowed to dry at room temp. for one week. Zeolite PI was obtained by heating a mixture of 0.5 g of this solid and 10 ml of 0.4 mol dm-3 Na2C03 at 150 "C for 5 d in a 23 ml Teflon-lined autoclave. The XRD pattern of this solid is shown in Fig. l(b) . Elemental analysis and 29Si NMR spectroscopy performed on this material yielded an Si/A1 ratio of 3.0. A variety of experimental conditions (e.g. pH, temperature and crystallization time) allow for the synthesis of zeolite P1 from this gel.
However, few of these conditions yield P1 with Si/A1 > 3;
lower Si/Al ratios and typical impurities of analcime and quartz are obtained at higher pHs, longer crystallization times and higher temperatures.
Zeolite P1 prepared as above can be transformed to heulandite in the presence of aqueous Ca2+ and heulandite or clinoptilolite seeds within 16 d at 240°C and autogenous pressure. A typical procedure is as follows. One gram of P1 (synthesized as above) was ion-exchanged at 80 "C overnight by contact with 100 ml of a 0.50 mol dm-3 solution of CaC12 in order to obtain Ca-P1 . To 10 ml of a solution of 0.050 mol dm-3 CaCI2 and 0.0012 mol dm-3 NaOH (pH = 11.0s) was added 0.20 g of Ca-P1 and 0.010 g (5% by mass) of Ca-exchanged natural clinoptilolite as seed. The mixture was heated in a Teflon-lined autoclave at 240 "C and autogenous pressure for 16 d. The solid was then washed and filtered and identified as heulandite. The X-ray powder diffraction pattern of this solid Fig. 2. Fig. 3 shows the 29Si NMR spectra of the starting P1 phase and the synthetic heulandite. Synthetic heulandite has an %/A1 ratio of 4.0 as determined by 29Si NMR spectroscopy and elemental analysis and a water content of 13.5% by mass. Synthetic heulandite is indexed to a of Na+/Ca2+ in the complete reaction mixture is not < 0.1, other phases such as analcime and mordenite will be formed and no heulandite will be obtained. The rate of conversion of Ca-P1 to heulandite does not depend on the concentration of Ca2+ in the solution and remains essentially the same as the concentration of Ca2+ is altered from 0.050 to 0.50 mol dm-3 at an initial pH of 11 .O. Na-PI can also be transformed to heulandite under similar conditions provided that the Na+/Ca2+ ratio in the complete reaction mixture is < 0.1. Contrary to Ca-PI, the rate of conversion of Na-PI to heulandite increases with increasing concentration of Ca2+ in the solution phase. When the concentration of Ca2+ reaches 0.50 mol dm-3, the rate of conversion to heulandite for both Na-P1 and Ca-P1 is essentially the same. Thus, exchange of Ca2+ for Na+ in the Na-P1 must take place before the conversion of Ca-P1 to heulandite. Thus far, we have not been able to convert zeolite PI to heulandite in the absence of heulandite or clinoptilolite seeds although the amount of seeds can be as small as 3%. At 200 O C , P1 can still be transformed to heulandite but at a slower rate (ca. 24 d for complete conversion). Attempts to convert zeolites X (Si/Al = 1.2), Y (Si/Al = 2.4 to 3.9, as well as P1 (Si/A1 = 1.0 to 2.9) to heulandite were not successful even when as much as 20% seeds were used. Furthermore, the aluminosilicate gel from which PI was synthesized is not converted to heulandite because the high sodium content does not allow for an Na+/Ca2+ ratio of <0.1. It is possible to transform perlite glass to heulandite but this procedure requires synthesis times in excess of several (8) (9) (10) weeks. Thus, the P1 material with %/A1 > 3 appears to be particularly suitable for conversion to heulandite.
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